
P a r t  11: S u l f i d a t i o n  o f  C o a l  Char 
and S y n t h e t i c  Chars  

I n t r o d u c t i o n  

D e s u l f u r i z a t i o n  of c o a l  and coal c h a r  i n  hydrogen r e s u l t s  
i n  e v o l u t i o n  o f  H2S. Depending o n  t h e  p r o c e s s ,  t h e  H2S i s  e i t h e r  
e n t i r e l y  or p a r t l y  removed and r e c i r c u l a t e d .  The work, d e s c r i b e d  
i n  P a r t  11, w a s  u n d e r t a k e n  t o  o b t a i n  a b e t t e r  u n d e r s t a n d i n g  o f  t h e  
i n t e r a c t i o n  between c h a r s  and g a s  m i x t u r e s  c o n t a i n i n g  H2S.  

A l i t e r a t u r e  s u r v e y  i n d i c a t e d  t h a t  no i n v e s t i g a t i o n s  have 
been  made of t h e  s u l f i d a t i o n  o f  carbonaceous  materials, i n c l u d i n g  
c h a r s ,  i n  g a s  m i x t u r e s  of H 2  and H2S such  t h a t  t h e  s u l f u r  p o t e n t i a l  
w a s  s y s t e m a t i c a l l y  v a r i e d .  

Exper imenta l  

Char f r o m  two d i f f e r e n t  s o u r c e s ,  p r e p a r e d  under  a v a r i e t y  
o f  c o n d i t i o n s ,  was u s e d  i n  t h i s  work. The p r e p a r a t i o n  c o n d i t i o n s  
are summarized i n  T a b l e  11. 

The p r e p a r a t i o n  o f  c h a r  from I l l i n o i s  N o .  6 c o a l  w a s  
d e s c r i b e d  i n  P a r t  I ( E x p e r i m e n t a l ) .  Char from a s h - f r e e  f i l t e r  p a p e r  
(0 .008% a s h )  w a s  p r e p a r e d  by c h a r r i n g  t h e  p a p e r ,  c o n t a i n e d  i n  a h igh-  
p u r i t y  a lumina b o a t ,  i n  a n  atmosphere of d r y  H e  a t  6 0 0  o r  900°C f o r  
3 h o u r s .  A f t e r  t h e  p a p e r  w a s  c h a r r e d ,  t h e  b o a t  w a s  p u l l e d  t o  t h e  
cool end o f  the r e a c t i o n  t u b e  where it s lowly  c o o l e d .  Subsequent ly ,  
t h e  c h a r  w a s  q u i c k l y  t r a n s f e r r e d  t o  a d e s i c c a t o r  where it w a s  s tocked .  
The c h a r s  t h a t  w e r e  f u r t h e r  t r e a t e d  i n  H e  a t  1250 and 1500°C f c r  24 
and  9 6  hours ,  r e s p e c t i v e l y ,  w e r e  t aken  from t h i s  s t o c k .  

The s u l f i d a t i o n  exper iments  w e r e  done i n  a v e r t i c a l  
f u r n a c e  w i t h  t h e  H2-H2S m i x t u r e  e n t e r i n g  a t  t h e  bottom of  t h e  
r e a c t i o n  tube .  The H2/HgS-ratio i n  t h e  g a s  was a d j u s t e d  by u s i n g  
t h e  u s u a l  a r rangement  of c a p i l l a r y  f low meters. I n  m o s t  of  t h e  
e x p e r i m e n t s  a gas f l o w  r a t e  o f  30 cm3(STP)/min w a s  u s e d .  

For e a c h  s u l f i d a t i o n  experiment  a b o u t  1 0 0  mg of  c h a r  w a s  
p l a c e d  i n  an a lumina  t r a y .  I n  most c a s e s  t h e  s u l f i d i z i n g  t r e a t m e n t  
was  one hour ,  a f t e r  which t h e  sample was q u i c k l y  p u l l e d  up t o  t h e  
cool t o p  o f  the  r e a c t i o n  t u b e ,  w h i l e  t h e  H e  w a s  k e p t  f lowing .  The 
c o o l e d  sample w a s  t h e n  t r a n s f e r r e d  t o  a d e s i c c a t o r .  S u l f u r  i n  t h e  
c h a r  was a n a l y z e d  by t h e  combustion method (1) . 

I n  some s e l e c t e d  cases about  750 mg o f  c h a r  w a s  s u l f i d i z e d ,  
a n d  a f t e r w a r d s  a n a l y z e d  f o r  oxygen by t h e  n e u t r o n - a c t i v a t i o n  method. 
The s u r f a c e  a r e a s  o f  t h e  c h a r s  used were de te rmined  by t h e  BET 
method. 
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R e s u l t s  and D i s c u s s i o n  

The p a r t i a l l y  d e s u l f u r i z e d  c o a l  c h a r  ( T a b l e  11) w a s  
s u l f i d i z e d  a t  6 0 0 ,  8 0 0 ,  and 900°C i n  H2-H2S c o n t a i n i n g  0 t o  100 per -  
c e n t  H2S. The r e s u l t s  are g i v e n  i n  F i g u r e  1 4 ,  i n  which t h e  s u l f u r  
c o n t e n t  of  t h e  c h a r  a f t e r  one  hour  r e a c t i o n  t i m e  is  p l o t t e d  v e r s u s  
t h e  p e r c e n t a g e  o f  H2S i n  t h e  g a s  a t  t h e  e x p e r i m e n t a l  t e m p e r a t u r e ,  
denoted  by ( % H ~ S ) T .  S i m i l a r  r e s u l t s  were o b t a i n e d  a f t e r  s u l f i d a t i o n  
f o r  4 hours .  

I n  c a l c u l a t i n g  ( % H ~ s ) T  from t h e  p e r c e n t a g e  o f  H2S i n  t h e  
ingoing  g a s  ( a t  room t e m p e r a t u r e ) ,  due  a l lowance  should  b e  made f o r  
t h e  p a r t i a l  d i s s o c i a t i o n  o f  H2S a t  h i g h e r  t e m p e r a t u r e s .  The e q u i -  
l i b r i u m  H2S p e r c e n t a g e  o f  t h e  g a s  a t  t h e  r e a c t i o n  t e m p e r a t u r e  w a s  
c a l c u l a t e d  from t h e  a v a i l a b l e  thermodynamic d a t a ( 2 )  - 

The p r e s e n t  r e s u l t s  may b e  compared w i t h  t h o s e  o b t a i n e d  
by Polansky,  e t .  a 1 . ( 7 )  who t r e a t e d  coke i n  H2S-N2 m i x t u r e s  c o n t a i n i n g  
4.2 and 8 . 8  p e r c e n t  H2S. 
i n  t h e  e x t e n t  of  s u l f u r  a b s o r p t i o n  a t  800  and 900OC. 

T h e i r  r e s u l t s  show no pronounced d i f f e r e n c e  

Of s p e c i a l  i n t e r e s t  is t h e  a b s o r p t i o n  o f  s u l f u r  a t  900°C 
i n  Hz-H~S m i x t u r e s ,  c o n t a i n i n g  less t h a n  2 p e r c e n t  H2S, by p r e v i o u s l y  
d e s u l f u r i z e d  c o a l  c h a r  ( f rom I l l i n o i s  c o a l ) .  T h i s  c o a l  c h a r  w a s  
produced by d e s u l f u r i z a t i o n  of  a c h a r  t h a t  o r i g i n a l l y  c o n t a i n e d  
0.13 p e r c e n t  s u l f u r  a s  p y r r h o t i t e ;  t h i s  i s  e q u i v a l e n t  t o  a b o u t  
0.23 p e r c e n t  i r o n .  Upon s u l f i d a t i o n  o f  t h i s  d e s u l f u r i z e d  c o a l  
c h a r ,  p y r r h o t i t e  i s  expec ted  t o  form when t h e  s u l f u r  p o t e n t i a l  i s  
s u f f i c i e n t l y  h i g h .  T h i s  i s  i l l u s t r a t e d  i n  F i g u r e  15 ,  where a 
sudden r ise  i n  t h e  amount o f  s u l f u r  absorbed  i s  o b s e r v e d  when 
(%H2S)T > 0.3. T h i s  i s  i n  good agreement  w i t h  t h e  v a l u e  c a l c u l a t e d  
from t h e  thermodynamic d a t a  f o r  t h e  i r o n / p y r r h o t i t e  e q u i l i b r i u m ( 2 )  
a t  900OC. The i n c r e a s e  i n  s u l f u r  c o n t e n t  a t  t h e  "break  p o i n t "  i n  
t h e  a b s o r p t i o n  c u r v e  i s  a b o u t  0.20 p e r c e n t ,  i n  good agreement  w i t h  
t h e  e s t i m a t e d  amount o f  i r o n  p r e s e n t  i n  t h e  c h a r .  

The s u l f u r  a b s o r p t i o n  c u r v e s ,  d e p i c t e d  i n  F i g u r e  14, have 
t h e  g e n e r a l  c h a r a c t e r  o f  a b s o r p t i o n  i s o t h e r m s .  However, p r o p e r  
i n t e r p r e t a t i o n  of t h e s e  r e s u l t s  i s  h i n d e r e d  by t h e  p r e s e n c e  o f  
i m p u r i t i e s  i n  t h e  c o a l  c h a r .  I t  was t h e r e f o r e  d e c i d e d  t o  s t u d y  t h e  
s u l f i d a t i o n  o f  e s s e n t i a l l y  i m p u r i t y - f r e e  c a r b o n s  and s y n t h e t i c  
c h a r s .  

S u l f i d a t i o n  of  S y n t h e t i c  
Carbons and Chars  

Granula ted  samples  o f  h i g h - p u r i t y  e l e c t r o d e  g r a p h i t e  and 
p y r o l i t i c  g r a p h i t e  w e r e  e q u i l i b r a t e d  w i t h  a 50  p e r c e n t  H 2 ,  5 0  p e r c e n t  
H2S mixture  a t  1000°C f o r  1 . 5  h o u r s ;  t h e r e  w a s  no d e t e c t a b l e  s u l f u r  
a b s o r p t i o n  i n  e i t h e r  form o f  g r a p h i t e .  I n  a n o t h e r  exper iment  
samples  o f  e l e c t r o d e  g r a p h i t e  and p y r i t e  w e r e  p l a c e d  i n  s e p a r a t e  
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p a r t s  of a n  e v a c u a t e d  s i l i ca  c a p s u l e  and a n n e a l e d  f o r  20 h o u r s  a t  
650OC. T h i s  c o r r e s p o n d s  t o  a p a r t i a l  p r e s s u r e  o f  s u l f u r  vapor  of 
a b o u t  0.14 atm, as  estimated from t h e  thermodynamic d a t a  f o r  t h e  
p y r r h o t i t e / p y r i t e  s y s t e m ( 2 ) .  A f t e r  t h i s  t r e a t m e n t ,  no s u l f u r  w a s  
d e t e c t e d  i n  t he  graphite.  

The p r e s e n t  o b s e r v a t i o n s  are i n  g e n e r a l  agreement  w i t h  
t h o s e  of Wibaut and  v a n  d e r  Kam(8) who found t h a t  even a t  s u l f u r  
p r e s s u r e s  above  a t m o s p h e r i c ,  no d e t e c t a b l e  s u l f u r  w a s  absorbed  by 
e i t h e r  diamond powder o r  Ceylon g r a p h i t e .  

The r e s u l t s  o b t a i n e d  f o r  t h e  s y n t h e t i c  c h a r s  are g i v e n  i n  
F i g u r e s  1 6  and 1 7  f o r  600 and  900°C, r e s p e c t i v e l y .  In  m o s t  e x p e r i -  
ments  t h e  r e a c t i o n  t i m e  w a s  1 hour ;  however, s o m e  samples  were 
s u l f i d i z e d  f o r  l o n g e r  t i m e s  (up t o  3 h o u r s ) .  These samples  absorbed  
e s s e n t i a l l y  t h e  same amount o f  s u l f u r  as  t h o s e  s u l f i d i z e d  f o r  
1 hour .  Moreover, i t  w a s  o b s e r v e d  t h a t  e q u i l i b r i u m  could  be  reached  
from both  s i d e s .  F o r  example,  it was found t h a t  f i l t e r - p a p e r  c h a r  
( p r e p a r e d  a t  900OC) which  w a s  f i r s t  s u l f i d i z e d  i n  a 50 p e r c e n t  H2, 
50 p e r c e n t  H2S m i x t u r e  a t  6OOOC to  a f i n a l  s u l f u r  c o n t e n t  o f  ' ~ 1  p e r -  
c e n t  could  s u b s e q u e n t l y  b e  p a r t i a l l y  d e s u l f u r i z e d  i n  a 90 p e r c e n t  
H 2 ,  1 0  p e r c e n t  H 2 S  m i x t u r e  t o  y i e l d  a f i n a l  s u l f u r  c o n t e n t  o f  
0 . 4  p e r c e n t .  T h i s  is  e s s e n t i a l l y  t h e  s a m e  a s  t h e  s u l f u r  c o n t e n t  
a f t e r  d i r e c t  s u l f i d a t i o n  of  t h e  c h a r  i n  t h e  s a m e  g a s  m i x t u r e .  
S i m i l a r  o b s e r v a t i o n s  w e r e  made a t  900°C, i n d i c a t i n g  t h a t  t h e  absorbed  
s u l f u r  is i n  e q u i l i b r i u m  w i t h  t h e  g a s  and t h a t  t h e  p r o c e s s  o f  
s u l f u r  u p t a k e  i s  r e v e r s i b l e .  

The s u r f a c e  areas o f  t h e  c h a r s  (Table  11) are  i n d i c a t e d  
i n  F i g u r e s  1 6  a n d  1 7 .  It is s e e n  t h a t  a c h a r  w i t h  a l a r g e r  s u r f a c e  
area has,  i n  g e n e r a l ,  a l a r g e r  c a p a c i t y  f o r  s u l f u r  a b s o r p t i o n .  The 
r e s u l t s  o b t a i n e d  f o r  coal  c h a r  are a l s o  shown i n  F i g u r e s  1 6  and 17  
f o r  easy comparison.  C o a l  c h a r  and f i l t e r - p a p e r  c h a r  (prepared  a t  
600  and 900 'C)  have a b o u t  t h e  same s u r f a c e  areas and are s e e n  t o  
a b s o r b  s i m i l a r  amounts  o f  s u l f u r .  

The r e s u l t s  o f  x- ray  a n a l y s i s  o f  t h e  v a r i o u s  c h a r s  used 
i n  t h i s  i n v e s t i g a t i o n  w e r e  compared i n  a q u a l i t a t i v e  way w i t h  t h e  
d a t a  r e p o r t e d  by  Turkdogan e t  a 1 . , ( 9 )  as  shown i n  Table  I11 t o g e t h e r  
w i t h  e s t i m a t e d  mean c r y s t a l l i t e  s i z e s .  I t  w a s  ment ioned b e f o r e  
t h a t  g r a p h i t i z e d  e l e c t r o d e  g r a p h i t e ,  which has  a mean c r y s t a l l i t e  
s i z e  of 5 0 0  A ,  d i d  n o t  a b s o r b  s u l f u r ,  whereas  t h e  n o n g r a p h i t i z e d  
c h a r s  d i d .  Thus, it i s  concluded  from t h e s e  r e s u l t s  t h a t  t h e  
a b i l i t y  o f  a g i v e n  c h a r  o r  c a r b o n  t o  a b s b r b  s u l f u r  i s  i n  t h e  f i r s t  
p l a c e  de te rmined  by i t s  s t a t e  o f  c r y s t a l l i n i t y .  I n  p o o r l y  g r a p h i t i z e d  
o r  n o n g r a p h i t i z e d  c a r b o n s ,  t h e  amount of  absorbed  s u l f u r  i n c r e a s e s  
w i t h  i n c r e a s i n g  p o r e  s u r f a c e  a r e a .  
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I n  view o f  t h e  s t r o n g  a f f i n i t y  between s u l f u r  and  oxygen, 
a n  a t t e m p t  w a s  made t o  i n v e s t i g a t e  t h e  e f f e c t  o f  oxygen on t h e  
s u l f u r  a b s o r p t i o n  by c h a r .  The i n i t i a l  oxygen c o n t e n t  of  s y n t h e t i c  
c h a r s  i s  shown a s  a f u n c t i o n  o f  t h e  s u r f a c e  a r e a  i n  F i g u r e  1 8 .  I t  
i s  s e e n  t h a t  the i n i t i a l  oxygen c o n c e n t r a t i o n  i s  a s t r o n g  f u n c t i o n  
of t h e  s u r f a c e  area and hence t h e  t e m p e r a t u r e  a t  which t h e  c h a r  w a s  
p r e p a r e d  (Table  11). 

T o  s t u d y  t h e  change i n  oxygen c o n c e n t r a t i o n  a f t e r  s u l f i d a -  
t i o n  of t h e  c h a r s ,  a series o f  s p e c i a l  e x p e r i m e n t s  w a s  conducted ;  
t h e  r e s u l t s  are summarized i n  Table  I V .  I t  i s  i n t e r e s t i n g  t o  n o t e  
t h a t  t h e  oxygen c o n t e n t  a f t e r  s u l f i d a t i o n  w a s  i n d e p e n d e n t ,  w i t h i n  
t h e  a n a l y t i c a l  error, of t h e  r a t io  ( p ~ ~ ~ / p ~ ~ ) ~  i n  t h e  g a s .  
i n c r e a s e  i n  t h e  s u l f i d a t i o n  t e m p e r a t u r e  r e s u l t e d  i n  a lower oxygen 
c o n t e n t  i n  t h e  c h a r ,  p a r t i c u l a r l y  i f  t h e  c h a r  had a l a r g e r  s u r f a c e  
area ( F i g u r e  1 8 ) .  

An 

In a l l  cases i n v e s t i g a t e d ,  it w a s  found t h a t  t h e  c h a r s  
w i t h  l a r g e  s u r f a c e  areas c o n t a i n e d  more oxygen. Because o f  t h e  
i n t e r d e p e n d e n c e  o f  s u r f a c e  a r e a  and oxygen c o n t e n t ,  it is d i f f i c u l t  
t o  s e p a r a t e  t h e i r  e f f e c t s  on t h e  c a p a c i t y  o f  a g i v e n  c h a r  fo r  
s u l f u r  a b s o r p t i o n .  However, some i n d i c a t i o n  of t h e  i n f l u e n c e  of 
oxygen on t h e  s u l f u r  a b s o r p t i o n  may be o b t a i n e d  from t h e  r e s u l t s  
shown i n  Table  I V .  For  i n s t a n c e ,  t h e  s u r f a c e  areas o f  f i l t e r - p a p e r  
c h a r  p r e p a r e d  a t  600 and 9OOOC were 330 and 2 1 2  m2/g, r e s p e c t i v e l y ,  
a d i f f e r e n c e  of a b o u t  20 p e r c e n t .  A f t e r  s u l f i d a t i o n  a t  6OOOC i n  a 
g a s  o f  h igh  s u l f u r  p o t e n t i a l ,  t h e  oxygen c o n t e n t s  o f  t h e s e  c h a r s  
d i f f e r e d  by a b o u t  a f a c t o r  of  t w o ,  y e t  t h e  d i f f e r e n c e  i n  s u l f u r  
a b s o r b e d  was n o t  m o r e  t h a n  a b o u t  1 0  p e r c e n t .  These f i n d i n g s  i n d i c a t e  
t h a t  t h e  i n f l u e n c e  o f  oxygen on t h e  s u l f u r  a b s o r p t i o n  i s  p r o b a b l y  
secondary .  

I n  t h i s  c o n t e x t  t h e  work o f  Hofmann and O h l e r i c h ( 1 0 )  
s h o u l d  be mentioned.  They t r e a t e d  s u g a r  c h a r c o a l  i n  d r y  0 2  a t  
a b o u t  500OC t o  o b t a i n  a c h a r  c o n t a i n i n g  a b o u t  10 p e r c e n t  oxygen as  
s u r f a c e  complexes. Upon s u l f i d a t i o n  of  t h i s  oxygenated c h a r  i n  S2 
a t  6OO0C, t h e y  found t h a t  t h e  amount of  s u l f u r  t a k e n  up w a s  e q u a l  
t o  t h a t  absorbed  by a c h a r  which w a s  n o t  p r e v i o u s l y  a c t i v a t e d  i n  
oxygen. Hofmann and O h l e r i c h  concluded ,  as  d i d  Hofmann and 
N o b b e ( l l ) ,  t h a t  t h e  amount o f  s u l f u r  absorbed  by c h a r  i s  dependent  
o n l y  on  i t s  s u r f a c e  area. 

Some o f  t h e  f i l t e r - p a p e r  c h a r s  used  i n  t h i s  work w e r e  
a n a l y z e d  f o r  hydrogen and  n i t r o g e n .  
T a b l e  V,  which shows t h a t  t h e  major i m p u r i t i e s  i n  f i l t e r - p a p e r  c h a r  
are oxygen and hydrogen.  The oxygen and hydrogen c o n t e n t s  d e c r e a s e  
w i t h  i n c r e a s i n g  t e m p e r a t u r e  of c h a r  p r e p a r a t i o n ,  w h i l e  t h e  n i t r o g e n  
c o n t e n t  remains  e s s e n t i a l l y  c o n s t a n t .  

The r e s u l t s  are summarized i n  

The s h a p e  o f  t h e  c u r v e s  i n  F i g u r e  1 9 ,  i n  which t h e  amount 
of s u l f u r  i n  some s y n t h e t i c  c h a r s  i s  shown as a f u n c t i o n  o f  
( P H ~ s / P H ~ ) ~ ,  s t r o n g l y  s u g g e s t s  a b s o r p t i v e  b e h a v i o r .  Hayward and 
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T r a p n e l l ( l 2 )  g i v e  examples  o f  t y p i c a l  a b s o r p t i o n  i s o t h e r m s  and n o t e  
t h a t  chemisorp t ion  n o r m a l l y  g i v e s  r i se  t o  i s o t h e r m s  o f  t h i s  g e n e r a l  
form. 

Although a t r e a t m e n t  o f  t h e  p r e s e n t  r e s u l t s  i n  t e r m s  of 
i d e a l i z e d  a b s o r p t i o n  i s o t h e r m s  i s  open t o  c r i t i c i sm,  a n  a t t e m p t  
w i l l  n e v e r t h e l e s s  be made t o  t r e a t  t h e  r e s u l t s  a c c o r d i n g l y .  I t  
w i l l  b e  shown t h a t  s u c h  a t r e a t m e n t  l e a d s  t o  r e s u l t s  which may be 
c o n s i d e r e d  r e a s o n a b l e .  

Assuming t h a t  t h e  chemisorbed s u l f u r  forms a n  i d e a l  
monolayer and t h a t  e a c h  chemisorbed s p e c i e s  o c c u p i e s  a s i n g l e  s i te,  
a p p l i c a t i o n  o f  t h e  i d e a l  Langmuir i s o t h e r m  g i v e s ( l 2 )  

e 
~ ( 1  - e )  a =  

where a i s  t h e  a c t i v i t y  o f  t h e  chemisorbed s p e c i e s ,  '8 t h e  f r a c t i o n a l  
coverage ,  and B a tempera ture-dependent  p a r a m e t e r  c o n t a i n i n g  t h e  
h e a t  o f  c h e m i s o r p t i o n  o f  s u l f u r .  The f r a c t i o n a l  coverage  
e = v/vm, where v i s  t h e  volume o f  chemisorbed s u l f u r  (STP) p e r  
gram of c h a r  and vm t h e  volume g i v i n g  a comple te  monolayer o f  
s u l f u r  on  t h e  s u r f a c e  o f  t h e  c h a r .  The s u r f a c e  area, S m2/g, i s  
r e l a t e d  t o  vm by t h e  f o l l o w i n g  e x p r e s s i o n :  

V m . 10-20 s = -  
2 2 4 1 4  NA 

where N i s  Avogadro 's  number and A t h e  c r o s s - s e c t i o n a l  a r e a  of  an 
absorbed s p e c i e s  i n  A 2 .  The volume, v ,  o f  t h e  chemisorbed s u l f u r  
is o b t a i n e d  from t h e  measured s u l f u r  c o n c e n t r a t i o n  a s  f o l l o w s :  

2 2 4 1 4  v , , =  - 3200 (%') 3 )  

S u b s t i t u t i n g  f o r  t h e  s u l f u r  a c t i v i t y  a = ( P H ~ S / P H ~ ) T ,  
e = v/vm, and making u s e  o f  E q u a t i o n s  2 and 3 ,  t h e  f o l l o w i n g  expres-  
s i o n  is o b t a i n e d  from Equat ion  1. 

The e x p e r i m e n t a l  r e s u l t s  p l o t t e d  i n  accordance  w i t h  Equat ion  4 a r e  
g i v e n  i n  F i g u r e s  2 0  and 2 1  f o r  6 0 0  and 9OO"C, r e s p e c t i v e l y .  
s l o p e  o f  e a c h  l i n e  s h o u l d  b e  p r o p o r t i o n a l  t o  1/S; i n  f a c t ,  t h i s  i s  
shown to be  t h e  'case i n  F i g u r e  2 2 ,  i n  which l o g  ( s l o p e )  i s  d e p i c t e d  
a s  a l i n e a r  f u n c t i o n  o f  l o g  S w i t h  a t h e o r e t i c a l  s l o p e  of -1. 
From t h e  i n t e r c e p t  of t h i s  l i n e  w i t h  t h e  o r d i n a t e  t h e  v a l u e  of  A ,  

The 

18 



t h e  c r g s s - s e c t i o n a l  a r e a  of a chemisorbed s p e c i e s ,  i s  c a l c u l a t e d  t o  
b e  1 7  A 2 .  
r a n g i n g  from 1 0  t o  50 A2 a s  e s t i m a t e d  from p h y s i c a l  a b s o r p t i o n  d a t a  
f o r  a v a r i e t y  o f  g a s e s ( l 2 ) .  

T h i s  v a l u e  as t o  be  compared w i t h  c r o s s s e c t i o n a l  areas 

According t o  Equat ion  4 ,  t h e  i n t e r c e p t s  o f  t h e  l i n e s  i n  
F i g u r e s  20 and 2 1  w i t h  t h e  o r d i n a t e  should  be  p r o p o r t i o n a l  t o  1/S. 
T h i s  1s shown t o  be  t h e  case i n  F i g u r e  23, i n  which l o g  ( i n t e r c e p t )  
i s  d e p i c t e d  a s  a f u n c t i o n  o f  l o g  S w i t h  a t h e o r e t i c a l  s l o p e  o f  -1. 
From t h e  i n t e r c e p t s  o f  bo th  l i n e s  w i t h  t h e  o r d i n a t e ,  t o g e t h e r  w i t h  
t h e  p r e v i o u s l y  de te rmined  v a l u e  of A,  t h e  tempera ture-dependent  
p a r a m t e r  B i s  o b t a i n e d .  T h i s  parameter  i s  p r o p o r t i o n a l  t o  e d R T ,  
where q i s  t h e  h e a t  of  c h e m i s o r p t i o n  o f  s u l f u r  on c h a r .  From t h e  
t e m p e r a t u r e  dependence of B, t h e  v a l u e  of q i s  e s t i m a t e d  to  be 
a b o u t  -10 kcal /mole,  a r e a s o n a b l e  v a l u e  when compared w i t h  t h e  
h e a t s  o f  c h e m i s o r p t i o n  o f  o t h e r  g a s e s  on c a r b o n ,  as  l i s t e d  by 
Hayward and T r a p n e l l ( 1 2 ) .  

The f o r e g o i n g  a n a l y s i s ,  a l t h o u g h  o f  n e c e s s i t y  o v e r s i m p l i -  
f i e d ,  shows t h a t  t h e  a b s o r p t i o n  of s u l f u r  by s y n t h e t i c  c h a r s  is 
most l i k e l y  mainly governed by chemisorp t ion .  It  i s  t h u s  e x p e c t e d  
t h a t  t h e  s u r f a c e  area i s  a n  i m p o r t a n t  parameter  i n  d e t e r m i n i n g  
whether  a g i v e n  c h a r  o r  carbon i s  a b l e  t o  r e t a i n  s i g n i f i c a n t  q u a n t i -  
t i e s  of  s u l f u r .  T h i s  i s  i n  agreement  w i t h  ear l ie r  work by Hofmann 
and Nobbe( l1)  and  by Polansky,  e t  a l .  ( 7 ) .  

However, t h e  s u r f a c e  area i s  n o t  t h e  o n l y  parameter  t o  b e  
c o n s i d e r e d .  For  i n s t a n c e ,  e l e c t r o d e  g r a p h i t e  i n  t h e  unoxid ized  
s t a t e  h a s  a s u r f a c e  area o f  1 m2/g(9) ,  approximate iy  t h e  same as 
f i l t e r - p a p e r  c h a r  p r e p a r e d  a t  1500°C (Table  11). Y e t ,  no take-up 
o f  s u l f u r  by e l e c t r o d e  g r a p h i t e  w a s  observed  a f t e r  s u l f i d a t i o n  i n  
5 0  p e r c e n t  H2, 50  p e r c e n t  H2S a t  1000°C. The mean c r y s t a l l i t e  
s i z e ,  t o g e t h e r  w i t h  t h e  X-ray a n a l y s i s ,  of e l e c t r o d e  g r a p h i t e ( 9 )  
shows t h a t  i t s  n a t u r e  is g r a p h i t i c  and t h e r e f o r e  more o r d e r e d .  
Blayden and P a t r i c k ( l 3 )  concluded from t h e i r  work t h a t  s o - c a l l e d  
d i s o r d e r e d  c a r b o n s  w i t h  s m a l l  ca rbon  l a y e r s  ( e q u i v a l e n t  t o  mean 
c r y s t a l l i t e  s i z e )  and many d e f e c t s  are b e t t e r  a b l e  t o  a b s o r b  s u l f u r  
t h a n  t h e  more c r y s t a l l i t e  and g r a p h i t i c  c a r b o n s .  The p r e s e n t  
f i n d i n g s  are  c o n s i s t e n t  w i t h  t h i s  v iewpoin t .  

Conclus ions  

I n  t h e  absence  o f  i m p u r i t i e s  such  a s  i r o n ,  t h e  a b i l i t y  of 
c h a r s  or carbons  t o  a b s o r b  s i g n i f i c a n t  amounts of s u l f u r  i n  a s u l -  
f i d i z i n g  g a s  such  a s  a Hz-H~S m i x t u r e  depends on t h e  s ta te  of 
c r y s t a l l i n i t y  of t h e  carbonaceous  m a t e r i a l .  The s u l f u r  a b s o r p t i o n  
d e c r e a s e s  w i t h  i n c r e a s i n g  c r y s t a l l i t e  s i z e . ' o  I n  g e n e r a l ,  c a r b o n s  
having  a mean c r y s t a l l i t e  s i z e  of a b o u t  1 5  A or  less a b s o r b  s i g n i f i -  
c a n t  amounts o f  s u l f u r  when t r e a t e d  i n  Hz-H~S m i x t u r e s .  For  c a r b o n s  
w i t h  a g i v e n  c r y s t a l l i t e  s i z e ,  t h e  h i g h e r  t h e  pore  s u r f a c e  a r e a  t h e  
h i g h e r  i s  t h e  amount o f  s u l f u r  absorbed .  

I 
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S u l f u r  a b s o r p t i o n  i n  h i g h - p u r i t y  c h a r s ,  o b t a i n e d  from 
a s h - f r e e  f i l t e r  p a p e r ,  i n c r e a s e d  w i t h  i n c r e a s i n g  s u l f u r  a c t i v i t y  
and pore s u r f a c e  a r e a  o f  t h e  c h a r .  T h i s  i s  i n  a c c o r d  w i t h  t h e  
Langmuir r e l a t i o n  f o r  c h e m i s o r p t i o n  on  s i n g l e  s i tes i n  an i d e a l  
monolayer. 

I t  is c o n c l u d e d  from t h e  p r e s e n t  e x p e r i m e n t a l  r e s u l t s  
t h a t  s u l f u r  is n o t  accommodated i n  t h e  t h r e e - d i m e n s i o n a l  l a t t i c e  o f  
t h e  carbon b u t  i s  chemisorbed  on the s u r f a c e .  However, s u c h  chemi- 
s o r p t i o n  t a k e s  p l a c e  o n l y  on t h e  p o r e  w a l l s  o f  n o n g r a p h i t i c  ( p o o r l y  
c r y s . t a l l i n e )  c a r b o n s ,  o f  which c h a r s  are  good examples .  
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Table  I1 

Source,  C o n d i t i o n s  of  P r e p a r a t i o n ,  I n i t i a l  S u l f u r  ( S i )  
and Oxygen ( O i )  C o n t e n t s  and S u r f a c e  A r e a  ( S A )  

of t h e  V a r i o u s  Chars  S t u d i e d  

Source  

I l l i n o i s  Coal  

Ash-free F i l t e r  
P a p e r  (0 .008% 
a s h )  

P r o p e r t i e s  of t h e  Char P r e p a r a t i o n  
C o n d i t i o n s  SA, m2/g S i ,  % o; ,  % 

5 atm H Z ,  8OOOC f o r  400  0.05 - 
3 h  

1 a t m  H e ,  6OO0C, 3h 3 3 0  0.00 4 . 0  
1 atm H e ,  900°C, 3h 272 0 .00  1 . 4  
1 a t m  H e ,  600"C, 3h+ 
1 a t m  H e ,  125OoC, 24h 
1 a t m  H e ,  6OO0C, 3h+ 
1 a t m  H e ,  1500"C, 96h 

0 .00  0 . 3 4  

0.00  0.14 

1 30 

T a b l e  111 

Q u a l i t a t i v e  Cor-par ison of t h e  C r y s t a l l i n i t y  o f  F i l t e r - P a p e r  C h a r s  

9 )  
Used i n  T h i s  Work N i t h  t h e  C r y s t a l l i n i t y  and Plean 

C r y s t a l l i t e  S i z e  o f  Some Carbons J n l r e s t i g a t e d  by T.arkdoqan, e t  al. 

Type o f  Char C r y s t a l l i n i t y  from Turkdogan ' s  Work 
and P r e p a r a t i o n  Q u a l i t a t i v e  Comparison Mean C r y s t a l l i t e  

Temp., O C  From X-ray A n a l y s i s  S i z e ,  K 

-10 - -16 F i l t e r  paper  (600)  Between c o c o n u t  c h a r c o a l  and 

F i l t e r  p a p e r  (900)  1 " v i t r e o u s "  c a r b o n  

F i l t e r  p a p e r  (1250)  Approaching v i t r e o u s  carbon 

F i l t e r  paper  ( 1 5 0 0 )  Same as  v i t r e o u s  c a r b o n  

-16 

-16 



T a b l e  I V  

Oxygen and  S u l f u r  C o n t e n t s  of F i l t e r - P a p e r  C h a r s  A f t e r  

V a r i o u s  S u l f u r  P o t e n t i a l  
s u l f i d a t i o n  a t  600 and 900°C f o r  1 H r  i n  Gases  of  

S u l f  i d a t i o n  P r e p a r a t i o n  
Tempera ture ,  T e m p e r a t u r e ,  PH2S S u l f i d i z e d  Char 

% S  O i l  % 
( K ) T  - OC "C 

0.05 1.7 0.80 
61.5 1.6 9.50 600 600 4 . 0  

900 

0.05 0.8 0.20 
61.5 0.8 8.40 

1250 0.34 0.05 0.2 0.03 

0.05 0.1 0.02 
61.5 0.1 0.05 

0.05 0.7 0.90 
7.6 0.6 7.50 

0.05 0.9 0.40 
7.6 0.6 5.80 

1.4 900 

1500 

600 4 . 0  

900 1.4 

0.05 0.1 0.01 
7.6 0.1 0.25 

0.14 1500 

* Oi = i n i t i a l  oxygen c o n t e n t  o f  t h e  c h a r  

T a b l e  V 

Chemica l  Analysis of F i l t e r - r a p e r  Char 
i n  R e l a t i o n  t o  P r e p a r a t i o n  Tempera ture  

Char-  
P r e p a r a t i o n  Composi t ion ,  weicjht p e r c e n t  

Tempera ture ,  " C  Carbon Oxygen Hydrogen N i t r og e n 

600 93.9 4.0 1.9 0.02 

900 97.0 1.4 0.6 0.06 

1250 99.6 0.34 0.2 0.04 
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Figure 14. SULFIDATION OF PREVIOUSLY DESULFURIZED CHAR FROM 
ILLINOIS NO. 6 COAL AT INDICATED TEMPERATURES 
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F w r e  22. SLOPE OF CHEMISORPTION ISOTHERMS AT 60J AND 9XfC AS 
A FUNCTION OF THE SURFACE AREA OF THE CHAR 
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Figure 23. INTERCEPT OF CHEMIS0RP:;ON ISOTHERMS W!TH 
ORDINATE AS A FUNCTlON OF SURFACE AREA OF THE 
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